LAMOST telescope reveals that Neptunian cousins of hot Jupiters are
  mostly single offspring of stars that are rich in heavy elements by Dong, Subo et al.
LAMOST telescope reveals that Neptunian
cousins of hot Jupiters are mostly single offspring
of stars that are rich in heavy elements
Subo Donga,1, 2, Ji-Wei Xieb,1, 2, Ji-Lin Zhoub, Zheng Zhengc, and Ali Luod
aKavli Institute for Astronomy and Astrophysics, Peking University, Yi He Yuan Road 5, Hai Dian District, Beijing 100871, China; bSchool of Astronomy and Space Science &
Key Laboratory of Modern Astronomy and Astrophysics in Ministry of Education, Nanjing University, 210093, China; cDepartment of Physics and Astronomy, University of Utah,
115 South 1400 East, Salt Lake City, UT 84112, USA; dNational Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China
This manuscript was compiled on January 23, 2018
We discover a population of short-period, Neptune-size planets shar-
ing key similarities with hot Jupiters: both populations are prefer-
entially hosted by metal-rich stars, and both are preferentially found
in Kepler systems with single transiting planets. We use accurate
LAMOST DR4 stellar parameters for main-sequence stars to study
the distributions of short-period (1 d < P < 10 d) Kepler planets
as a function of host star metallicity. The radius distribution of plan-
ets around metal-rich stars is more “puffed up” as compared to that
around metal-poor hosts. In two period-radius regimes, planets pref-
erentially reside around metal-rich stars, while there are hardly any
planets around metal-poor stars. One is the well-known hot Jupiters,
and the other is a population of Neptune-size planets (2R⊕ . Rp .
6R⊕), dubbed as “Hoptunes”. Also like hot Jupiters, Hoptunes oc-
cur more frequently in systems with single transiting planets though
the fraction of Hoptunes occurring in multiples is larger than that
of hot Jupiters. About 1% of solar-type stars host “Hoptunes”, and
the frequencies of Hoptunes and hot Jupiters increase with consis-
tent trends as a function of [Fe/H]. In the planet radius distribution,
hot Jupiters and Hoptunes are separated by a “valley” at approxi-
mately Saturn size (in the range of 6R⊕ . Rp . 10R⊕), and this
“hot-Saturn valley” represents approximately an order-of-magnitude
decrease in planet frequency compared to hot Jupiters and Hop-
tunes. The empirical “kinship” between Hoptunes and hot Jupiters
suggests likely common processes (migration and/or formation) re-
sponsible for their existence.
exoplanets | transit | metallicity
More than two decades after the first surprising discovery(1), hot Jupiters still remain to be one of the most hotly
studied exoplanet populations. Observationally, they never
seem to fail to yield new surprises. It was realized early on
that their host stars were predominantly more metal rich than
the sun (2), and their frequency was later found to strongly
correlate with host [Fe/H] (3, 4). Lately, Kepler data show
that they stand out as a distinctly “lonely” population for the
dearth of other planets on nearby orbits in their systems (5–7).
Despite the plethora of observational findings, we still do not
know their origins with certainty – we do not know how they
migrate to their present close-in orbits (P . 10 d) (see review
by 8) or if they have migrated at all (9, 10).
More clues about their origins may come from examining
them in the context of planet distributions and the dependence
of such distributions on host environment: How unique are
the conditions forming hot Jupiters? And do hot Jupiters
have “relatives”, which share similarities in their planetary
and host-star properties?
With thousands of planets discovered from monitoring
∼ 200, 000 target stars, the Kepler mission has unprecedented
potential to study planet distributions over a wide range of
parameter space and their possible links to stellar properties
(see e.g., 11–17). However, making any reliable statistical
inference with a large Kepler sample is seriously limited by
the lack of accurate stellar parameters for the majority of the
targets. For most of the Kepler targets, stellar parameters
are only available via the Kepler Input Catalog (KIC; (18)),
whose [Fe/H] and log g measurements are known to have large
uncertainties and serious systematic errors (see, e.g. 19–22).
Significant efforts have been put into characterizing planet
hosts by taking high-resolution spectroscopy (e.g., 22–24) or
extracting asteroseismic parameters (e.g., 25). But the accu-
rate parameters of the underlying parent sample (with and
without detected planets) are poorly known, which presents
a major uncertainty in Kepler planet statistics (see relevant
discussions in 12, 15) and also makes it difficult to reliably
derive planet distributions as a function of stellar parameters.
With 4000 fibers and 5◦ diameter field of view, the 4m
Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST, a.k.a. Goushoujing Telescope) (26–29) is uniquely
positioned to perform a systematic spectroscopic survey of
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Kepler target stars. The “LAMOST-Kepler project” (30, 31)
attempts to observe all Kepler target stars with no preference
for known planet hosts. It forms a large and unbiased sample
to perform statistical inference on planet distributions and
correlations with host properties (19). For main-sequence
stars, the stellar parameters inferred from the official LASP
(LAMOST Stellar Parameter Pipeline) pipeline (32) are demon-
strated to be accurate (typical uncertainties: σTeff = 100K,
σlog g = 0.1− 0.15 dex, σ[Fe/H] = 0.1 dex) from comparisons
with high-resolution spectroscopic and asteroseismic parame-
ters (see Section 1 of Supporting Information of (21) and also
(19, 33).) The accurate LASP stellar parameters make possi-
ble the study of the metallicity distribution of Kepler targets
(19) and the eccentricity distribution of Kepler planets (21).
Stellar parameters have also been extracted from LAMOST
spectra using pipelines other than the official LASP, such as
LSP3 (34) and ROTFIT (35). Using ROTFIT parameters,
(36) found that on average the hosts for hot Earth-size planets
have super-solar metallicity.
We study host metallicity distribution for Kepler planets in
the period range of 1 d < P < 10 d using the LAMOST/LASP
stellar parameters (32) from Data Release 4 (DR4) ∗, which
contains data for ∼ 60, 000 main-sequence Kepler stars with
spectroscopic types AFGK (∼ 30% of of all Kepler targets).
Previous studies (37, 38) have identified a “desert” of short-
period Neptunes (P = 2−4 d and it may extend to 5−10 d) by
studying samples from Radial-Velocity (RV) surveys, mixed
ground-based and Kepler transit searches. We benefit from
the homogeneity of the Kepler sample with well quantified
detection efficiencies as well as accurate stellar and planetary
parameters thanks to LAMOST, and this work is focused on
the effects of metallicity.
We discover a “cousin” population of hot Jupiters: like
hot Jupiters, these short-period Neptune-size planets (2R⊕ .
Rp . 6R⊕), dubbed as “Hoptunes”, are predominantly hosted
by metal-rich stars, and they also reside more often in single
transiting than multiple transiting planetary systems. In
the radius distribution the populations of hot Jupiters and
Hoptunes frame a “valley” at approximately Saturn size (in
the range of 6R⊕ . Rp . 10R⊕), and in this “hot-Saturn
valley” there is a significant deficit in planet frequency.
Sample Selection
We select our stellar sample using the official LASP (32) pa-
rameters from LAMOST DR4 AFGK stellar catalog. The stars
satisfy 4700K < Teff < 6500K and log g > 4.0 so that our
sample consists primarily of solar-type main-sequence stars.
They also cover a range of stellar parameters for which we
have comparison stars available with accurate high-resolution
spectroscopic parameters (19, 21). Our stellar sample con-
sists of 30,727 stars in total. Stellar masses and radii are
derived by isochrone fitting as described in (21). We then
cross-match with the catalog of Kepler planet candidates and
remove the known false positives and those with large false
positive probabilities (FPPs). Stellar parameters derived from
LAMOST/LASP are applied to derive the planet properties
such as planet radius Rp, which has a typical error of about
15%. We focus on those with orbital period 1 d < P < 10 d and
planet radius 1R⊕ < Rp < 20R⊕. The sample has 295 planets
in 256 systems. 151 planets are in systems that contain single
∗http://dr4.lamost.org
Kepler transiting planets, and 144 planets are in multiple tran-
siting planet systems where the other transiting planets in the
systems are not necessarily in the above-mentioned period and
radius ranges. In the Section 1 of the Supporting Information
(SI), we provide more details on sample selection, and we also
show that the main results discussed below are not sensitive
to the exact choices of sample selection. The LAMOST stellar
parameter and planet parameters of our sample are given in
Table S1 of SI.
Analysis & Results
We divide the stellar sample into two metallicity subsamples:
metal rich ([Fe/H]≥0) and metal poor ([Fe/H]<0). Figure 1
shows the distributions of period and planet radius for the
planets that belong to the two subsamples, respectively.
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Fig. 1. Period-radius distribution for short-period Kepler planet candidates hosted by
metal-rich (top) and metal-poor (bottom) stars. Planets in single and multiple transiting
planetary systems are plotted in blue and red circles, respectively. The numbers of
planets and stars (including non-transiting targets) are printed on the top of each
panel. The dark green horizontal line (Rp = 10R⊕) denotes the empirical lower
boundary of hot Jupiter, and the magenta lines denote the empirical boundaries of
Hoptunes (see Section 3). Note that the typical uncertainty in Rp is about 15%.
In the metal-poor subsample, except for a handful of objects,
almost all the planets lie in the bottom part of the period-
radius plane: for those with 1 d < P < 3 d, their radii are
smaller than about ≈ 2R⊕, and for those with 3 d < P < 10 d,
the upper boundary in radius grows from ≈ 2R⊕ to ≈ 4R⊕
with increasing period. This boundary is approximately il-
lustrated as a magenta polyline connecting (P,Rp) = (1, 2)
with (3, 2) with (10, 4) on the period-radius plane. At P > 3 d,
this boundary is similar to the lower boundary of the “desert”
described in (38) (see Figure S4 in SI). In the metal-rich sub-
sample, about 3/4 of the planets are concentrated below the
magenta polyline. The rest ∼ 1/4 of all planets in the metal-
rich subsample reside in the parameter space that is sparsely
populated with planets for the metal-poor subsample. One
population of planets hosted by these metal-rich stars have
radii larger than ∼ 10R⊕ (marked by a dark green solid line),
and they are the hot Jupiters. The other population hosted by
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metal-rich stars have radii smaller than ∼ 6R⊕ while larger
than those indicated by the bottom magenta polyline. Their
sizes (2 − 6R⊕) are close to that of the Neptune at about
4R⊕, but we do not know whether all of them are physically
Neptune-like planets. Given the uncertainties in their physi-
cal states (Neptunes, Super-Earths, mini-Neptunes, or other
possibilities), we choose to dub this population as “Hoptunes”
in the text. This name is to reflect our current level of un-
derstanding of this population – without mass measurements,
we do not know whether they are physically Neptunes, and
so far, they can be only isolated in a specific regime in the
period-radius plane as found in this study.
Next we discuss three main features in the distributions,
including two striking similarities between Hoptunes and hot
Jupiters, and a significant “valley” separating them in the
radius distribution.
1) Hoptunes and hot Jupiters are both preferen-
tially hosted by metal-rich stars, and for both popu-
lations the planet frequencies correlate with the host
[Fe/H].
The contrast between metal-rich and metal-poor stars in
hosting hot Jupiters and Hoptunes is statistically significant.
In the metal-rich subsample, there are 17 hot Jupiters and 24
Hoptunes, which are 9.1+2.8−2.2% and 12.9+3.2−2.6% of all planets in
that subsample, respectively, with the uncertainties inferred
from the Poisson distribution. If the metal-poor subsample had
similar relative fractions of these two populations, we would
expect to see 10.0+3.0−2.4 hot Jupiters and 14.1+3.5−2.9 Hoptunes, but
there are only one hot Jupiter and two Hoptunes detected.
Figure 2 shows the cumulative fraction of various planet hosts
and the stellar sample as a function of [Fe/H]. The strong
dependence of hot Jupiters’ occurrence on host-star metallicity
is well known, and such a dependence is clearly seen from our
sample. As compared with the stellar sample as well as “other
hot planets” (i.e., not hot Jupiters or Hoptunes), the hot
Jupiters are preferentially hosted by metal-rich stars. Using
the two-sample Kolmogorov-Smirnov (K-S) tests, the [Fe/H]
distributions of hot Jupiters are inconsistent with drawing
from the same sample for the stellar sample and “other hot
planets” (at p-values of 3× 10−5 and 3× 10−4, respectively).
Hoptunes have similarly strong preference for metal-rich hosts,
and their distributions are inconsistent with the stellar sample
and “other hot planets” with even higher statistical significance
(at p-values of 4× 10−4 and 3× 10−4, respectively). The two
sample K-S test on the cumulative distributions of hot Jupiters
and Hoptunes results a p-value 45% so we cannot reject the
null hypothesis that the host metallicities of Hot Jupiters
and Hoptunes are drawn from the same distribution. The
distribution of “other hot planets”, dominated by Earth-size
planets (1R⊕ < Rp < 2R⊕), is also more skewed (though in
a degree significantly less than hot Jupiters and Hoptunes)
toward higher metallicities as compared to the stellar sample
(the K-S test p-value = 0.002), which is qualitatively consistent
with the conclusion by (36) that there is a preference of metal-
rich hosts for hot Earths. Later in this section we derive the
intrinsic frequencies by taking into account the incompleteness
of Kepler.
2) Hoptunes and hot Jupiters both tend to pref-
erentially exist in Kepler’s single transiting planetary
systems.
A distinguishing feature of hot Jupiters is that they tend not
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Fig. 2. Cumulative fractions as a function of host [Fe/H]. Hoptunes (magenta) and hot
Jupiters (dark green) have similar distributions, and using the two-sample K-S test,
the two samples are drawn from the same underlying distribution with a probability of
45%. In contrast, the distributions for both Hoptunes and hot Jupiters are different
from those of the stellar sample (blue) and other planets (black) at high statistical
significances.
to have neighboring planets in close-by orbits (5–7). All the
hot Jupiters in our sample are single transiting planet systems,
and the majority of the Hoptunes are in Kepler singles (73±9%
with the uncertainty estimated from binomial distribution). In
contrast, in the regimes under the magenta polylines, slightly
less than half of planets (45 ± 3%) are in single transiting
planetary systems – note that the single fraction are similar
for both metal-poor and metal-rich subsamples, approximately
46± 4% for metal-poor and 43± 5% for metal-rich. Therefore,
like hot Jupiters, Hoptunes are also preferentially in singles
compared to other hot planets. The single fraction of Hoptunes
is smaller than that of hot Jupiters in our sample. We employ
a likelihood analysis based on binomial distribution to test the
statistical significance of this difference, and the null hypothesis
that they have the same single fraction is ruled out at 2.9σ
significance (see the Section 2 of the SI for detail).
3) Hoptunes and hot Jupiters are separated by a
“hot-Saturn valley".
As can be seen in Figure 1, there is a deficit of planets near
Saturn size (about 6–10R⊕) in the planet-radius distributions
between the Hoptunes and hot Jupiters, and we refer this
deficit as the “hot-Saturn valley". The hot-Saturn valley can
be clearly seen in the cumulative distribution of planet radius
for planets with Rp > 4R⊕ from our sample (upper panel of
Figure 3). The cumulative distribution has two clear breaks
occurring at ∼ 6.5R⊕ and ∼ 10R⊕, and between these breaks,
planets occur significantly less frequently compared to other
ranges of radii. In the middle panel of Figure 3, we show a
histogram of observed radius distribution with 12 uniformly
spaced bins in logarithm. The four bins closest to 8R⊕ have
one planets where the four bins on the left (Hoptunes) have
10 planets and the four bins on the right (hot Jupiters) have
16 planets. If the significance of the valley is assessed by the
difference between adjacent sets of bins, we can adopt the
Skellam distribution to calculate the probability assuming a
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null hypothesis of all bins having the same expected numbers
of planets. Comparing 10 or 16 planets in the neighboring
sets of bins with 1 planet in the central bins, we find that
the probability of the valley due to random fluctuations is
about 1%. The existence of such a valley with relatively sharp
boundaries also suggests that the (unknown) effects of blending
due to un-resolve background binaries are unlikely significant
in blurring the planet radius distribution.
Fig. 3. The hot-Saturn valley revealed from the radius distribution of planets in our
sample. Top: Cumulative distribution of planets with radii larger than 4 R⊕. Middle:
Number of detected planets in radius bins with equal size in logarithm. Bottom:
Intrinsic planet frequencies as a function of planetary radius.
Finally we consider the incompleteness of Kepler survey
and calculate the intrinsic planet frequency for our sample.
We take the survey selection, which is the incompleteness due
to the survey detection thresholds, and the transit geometric
bias into account. In order to calculate the incompleteness, we
use the code supplied by (15) based on the detection efficiency
characterization method of (39) to calculate the correction
factor per bin in the parameter space, and we apply the
LAMOST stellar parameters in the calculations.
To better examine the dependence of the planet frequency
on metallicity, we divide the sample according to [Fe/H]
into three subsamples – “super solar” ([Fe/H]≥0.1), “solar”
(−0.1 <[Fe/H]< 0.1) and “sub solar” ([Fe/H]≤ −0.1). The
planet period-radius distributions for three metallicity sub-
samples are shown in the left three panels of Figure 4. In
the “sub-solar” subsample (the bottom-left panel), there are
only a handful of hot Jupiters and Hoptunes. Then in the
“solar” subsample (the middle-left panel), there are several hot
Jupiters, and a few Hoptunes start to emerge close to the lower
boundary (the magenta polyline). Finally, in the “super-solar”
subsample (the upper-left panel), there is a dramatic increase
in the numbers for both hot Jupiters and Hoptunes. A no-
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Fig. 4. The dependence of planet distribution (Left Panel) and intrinsic frequency
(Right Panel) on stellar metallicity ([Fe/H]) using three metallicity subsamples. The
frequencies of hot Jupiters and Hoptunes have similar trends as a function of metal-
licity – for both populations, they increase by a factor ∼ 10 from the “sub-solar”
metallicity regime ([Fe/H]≤ −0.1) to the super-solar ([Fe/H]≥ 0.1) regime, and the
frequencies of Hoptune are similar (within a factor of∼ 2) to those of hot Jupiters for
all subsamples.
ticeable trend is that the lower boundary of planet “valley”
evolves from ≈ 6R⊕ (at around Saturn size) in the “super-
solar” subsample to lower values, close to ≈ 3−4R⊕ (at around
Neptune size) in the “solar” subsample. The right panel shows
the intrinsic frequencies of hot Jupiters and Hoptunes after cor-
recting the survey incompleteness and geometric biases. The
frequencies of Hoptunes and hot Jupiters increase dramatically
(by a factor of ∼ 10 from “sub-solar” to “super-solar”) with
[Fe/H]. Such a trend for hot Jupiter hosts is well known (see
e.g. (40) and the references therein), and the trend for Hop-
tune hosts is remarkably similar. The frequencies of Hoptunes
are similar (within a factor of ∼ 2) to that of hot Jupiters
for all subsample. Hosts of Hoptunes and hot Jupiters have
similarly strong preferences for host metallicities higher than
the sun (“super-solar” vs. “solar”).
The bottom panel of Figure 3 shows the intrinsic frequen-
cies of planets within the log(Rp) bins spanning 0.2 dex around
∼ 5R⊕,∼ 8R⊕ and ∼ 12R⊕ in our sample. The averaged
frequencies of the planets in these subsamples are 0.23+0.10−0.07%,
0.02+0.05−0.02%, 0.36+0.10−0.09% at approximately Neptune size, Sat-
urn size and Jupiter size, respectively. Thus the hot-Saturn
valley represents an approximately one order of magnitude
depression in planet frequency as a function of planet radius.
The averaged planet frequencies dNp/d log(Rp)d log(P ) for
hot Jupiters and Hoptunes in these subsamples are consistent
within the uncertainties.
Discussion & Conclusion
Our findings benefit from the homogeneity of the Kepler sample
as well as accurate planet radii and host metallicities thanks
to the high accuracy of LAMOST stellar parameters. (37) and
(38) found a desert of short-period Neptunian planets using
mixed samples of planets discovered from various surveys. The
upper boundary of the desert defined by (38) is similar to that
of the hot-Saturn valley we identify in this work (see Figure
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S4 in SI). While this upper boundary from (38) is a diagonal
line on the period-radius plane based on a large number of
planets mostly contributed from ground-based transits, our
sample is too small to clearly determine a slope. Their lower
boundary resembles the lower boundary of Hoptunes, especially
for P > 3 d. According to our results, their desert appears
to encompass both the hot-Saturn valley and the Hoptunes.
Inside their desert, we find that Hoptunes have a similar
averaged frequency of ∼ 1% as hot Jupiters. In comparison,
hot-Saturn valley has an order-of-magnitude deficit in planet
frequency. These features appear to be largely “washed out”
in (38). This is mainly due to the large uncertainties and
systematics biases in log(g) measurements of the KIC catalog
(e.g., see Fig. S4 of (21)), and the resulting large errors in
planet radii fill some objects in the valley (see the right panels
of Fig. S3 in SI).
The similarities in host metallicity, intrinsic frequency and
preference for single transiting planetary systems suggest a
close link between hot Jupiters and Hoptunes in their migration
and/or formation processes.
The correlation between the intrinsic frequency of short-
period Jupiter and stellar metallicity has been well established
(3, 4). According to core-accretion models, the total masses of
building-block planetesimals and/or embryos are proportional
to those of the heavy elements in the host stars (41). One
possible interpretation of the metallicity correlation for short-
period Jupiters is that the metal-rich environment provides
more building blocks to form massive planetary cores (∼10
M⊕) before the gas disk dissipates, which are crucial for gas
accretion to form giant planets like hot Jupiters (42). How-
ever, such an interpretation may not be well suitable for the
metallicity correlation of Hoptunes, since for most Hoptunes,
especially those smaller ones with radius less than 4R⊕, they
do not need massive cores to accrete as much gas as needed for
forming Jupiters. Another possibility is that metallicity may
play an important role to trigger/amplify certain migration
mechanisms for hot Jupiters (43, 44). Such mechanisms should
then similarly operate for Hoptunes and also preferentially
produce single transiting planetary systems. Note that we
find at 2.9σ significance that the fraction of single-transiting
planet systems of hot Jupiters is higher than that of Hoptunes,
indicating that whatever process removes the “brothers” of
hot Jupiters likely operate less efficiently for Hoptunes. The
in situ formation mechanisms (e.g., (45)) are also subject to
these constraints too.
The radius range of the hot-Saturn valley (Rp∼6–10R⊕)
roughly corresponds to the mass domain (between ∼ 10− 30
and ∼ 100−200M⊕) of the “planet desert" expected from core
accretion simulations of planet formation (46, 47). However,
these predictions apply to a = 0.2− 3AU while the planets in
our sample have a < 0.1AU. We plan to investigate whether
the hot-Saturn valley extends to longer period in a future
work.
When studying the radius distribution for short-period
planets, it is important to consider the effects of planetary
inflation (e.g., (48) and the references therein) and/or evapo-
rations (49–51). (49) suggest that hot Neptunes may originate
from evaporation of hot Jupiters, and thus they may share
common origins and evolution history (though note that (49)
has been contradicted by some follow-up theoretical studies
such as (52)). This hypothesis is consistent with the similar-
ities between hot Jupiters and Hoptunes found in this work.
In addition, it may be interesting to test whether mechanisms
such as photo-evaporation can be responsible in shaping fea-
tures such as the sharp lower boundary for Hoptunes (the
magenta polyline in Figure 1) in the period-radius distribution
and also explain how the sharpness of this boundary varies
with host metallicity. For instance, the consequence of photo-
evaporation may depend on planet core mass (50, 51), and one
may speculate that core mass distribution can differ according
to host [Fe/H] thus can potentially play a role in forming the
[Fe/H]-dependent planet distribution found here. RV follow-
ups of Hoptunes can provide the crucial mass measurements
to reveal their physical states and test such scenarios.
The “kinship” between hot Jupiters and Hoptunes as well
as the hot-Saturn valley separating these two cousins offer
unique clues and constraints for the formation and migration of
short-period planets. Future surveys and missions, particularly
Transiting Exoplanet Survey Satellite (TESS), are expected
to detect many more short-period planets and explore these
features with greater details.
Acknowledgements We thank A. Gould for stimulating
discussions and insights into statistics. We thank the three
anonymous referees for their helpful reviews. We are grateful
to Dan Huber, Josh Winn, Yanqin Wu, Dong Lai, Wei Zhu,
B. Katz, K. Stanek, S. Kozlowski, C. Mordasini and D. Lin
for helpful comments. S.D. acknowledges Project 11573003
supported by NSFC and the LAMOST Fellowship, which is
supported by Special Funding for Advanced Users, budgeted
and administrated by Center for Astronomical Mega-Science,
Chinese Academy of Sciences (CAS). J.-W.X. and J.-L.Z. ac-
knowledge support from the Key Development Program of
Basic Research of China (973 Program, Grant 2013CB834900)
and the NSFC Grants 11333002. J.-W.X. is also supported by
the NSFC Grant 11403012 and a Foundation for the Author
of National Excellent Doctoral Dissertation of People’s Re-
public of China. Guoshoujing Telescope (the Large Sky Area
Multi-Object Fiber Spectroscopic Telescope; LAMOST) is a
National Major Scientific Project built by the CAS. Funding
for the project has been provided by the National Development
and Reform Commission. LAMOST is operated and managed
by the National Astronomical Observatories, CAS.
1. Mayor M, Queloz D (1995) A Jupiter-mass companion to a solar-type star. Nature 378:355–
359.
2. Gonzalez G (1998) Spectroscopic analyses of the parent stars of extrasolar planetary system
candidates. Astron and Astrophys. 334:221–238.
3. Santos NC, Israelian G, Mayor M (2004) Spectroscopic [Fe/H] for 98 extra-solar planet-host
stars. Exploring the probability of planet formation. Astron and Astrophys. 415:1153–1166.
4. Fischer DA, Valenti J (2005) The Planet-Metallicity Correlation. Astrophys. J. 622:1102–1117.
5. Latham DW, et al. (2011) A First Comparison of Kepler Planet Candidates in Single and
Multiple Systems. Astrophys. J. Lett. 732:L24.
6. Steffen JH, et al. (2012) Kepler constraints on planets near hot Jupiters. Proceedings of the
National Academy of Science 109:7982–7987.
7. Huang C, Wu Y, Triaud AHMJ (2016) Warm Jupiters Are Less Lonely than Hot Jupiters: Close
Neighbors. Astrophys. J. 825:98.
8. Winn JN, Fabrycky DC (2015) The Occurrence and Architecture of Exoplanetary Systems.
Annu. Rev. Astron. Astrophys. 53:409–447.
9. Batygin K, Bodenheimer PH, Laughlin GP (2016) In Situ Formation and Dynamical Evolution
of Hot Jupiter Systems. Astrophys. J. 829:114.
10. Boley AC, Granados Contreras AP, Gladman B (2016) The In Situ Formation of Giant Planets
at Short Orbital Periods. Astrophys. J. Lett. 817:L17.
11. Howard AW, et al. (2012) Planet Occurrence within 0.25 AU of Solar-type Stars from Kepler.
Astrophys. J. Suppl. 201:15.
12. Dong S, Zhu Z (2013) Fast Rise of “Neptune-size” Planets (4-8 R ?) from P∼ 10 to∼ 250
Days – Statistics of Kepler Planet Candidates up to∼ 0.75 AU. Astrophys. J. 778:53.
13. Fressin F, et al. (2013) The False Positive Rate of Kepler and the Occurrence of Planets.
Astrophys. J. 766:81.
14. Petigura EA, Howard AW, Marcy GW (2013) Prevalence of Earth-size planets orbiting Sun-
like stars. Proceedings of the National Academy of Science 110:19273–19278.
Dong et al. PNAS | January 23, 2018 | vol. XXX | no. XX | 5
15. Burke CJ, et al. (2015) Terrestrial Planet Occurrence Rates for the Kepler GK Dwarf Sample.
Astrophys. J. 809:8.
16. Wang J, Fischer DA (2015) Revealing a Universal Planet-Metallicity Correlation for Planets of
Different Sizes Around Solar-type Stars. Astron. J. 149:14.
17. Zhu W, Wang J, Huang C (2016) Dependence of Small Planet Frequency on Stellar Metallicity
Hidden by Their Prevalence. Astrophys. J. 832:196.
18. Brown TM, Latham DW, Everett ME, Esquerdo GA (2011) Kepler Input Catalog: Photometric
Calibration and Stellar Classification. Astron. J. 142:112.
19. Dong S, et al. (2014) On the Metallicities of Kepler Stars. Astrophys. J. Lett. 789:L3.
20. Plavchan P, Bilinski C, Currie T (2014) Investigation of Kepler Objects of Interest Stellar Pa-
rameters from Observed Transit Durations. Publ. Astron. Soc. Pacif. 126:34.
21. Xie JW, et al. (2016) Exoplanet orbital eccentricities derived from LAMOST-Kepler analysis.
Proceedings of the National Academy of Science 113:11431–11435.
22. Petigura EA, et al. (2017) The California-Kepler Survey. I. High Resolution Spectroscopy of
1305 Stars Hosting Kepler Transiting Planets. ArXiv e-prints.
23. Buchhave LA, et al. (2012) An abundance of small exoplanets around stars with a wide range
of metallicities. Nature 486:375–377.
24. Buchhave LA, et al. (2014) Three regimes of extrasolar planet radius inferred from host star
metallicities. Nature 509:593–595.
25. Huber D, et al. (2013) Fundamental Properties of Kepler Planet-candidate Host Stars using
Asteroseismology. Astrophys. J. 767:127.
26. Wang SG, Su DQ, Chu YQ, Cui X, Wang YN (1996) Special configuration of a very
large Schmidt telescope for extensive astronomical spectroscopic observation. Appl Optics
35:5155–5161.
27. Su DQ, Cui XQ (2004) Active Optics in LAMOST. Chinese. J. Astron. Ast. 4:1–9.
28. Cui XQ, et al. (2012) The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAM-
OST). Research in Astronomy and Astrophysics 12:1197–1242.
29. Zhao G, Zhao YH, Chu YQ, Jing YP, Deng LC (2012) LAMOST spectral survey – An overview.
Research in Astronomy and Astrophysics 12:723–734.
30. De Cat P, et al. (2015) Lamost Observations in the Kepler Field. I. Database of Low-resolution
Spectra. Astrophys. J. Suppl. 220:19.
31. Ren A, et al. (2016) LAMOST Observations in the Kepler Field. Analysis of the Stellar Param-
eters Measured with LASP Based on Low-resolution Spectra. Astrophys. J. Suppl. 225:28.
32. Luo AL, et al. (2015) The first data release (DR1) of the LAMOST regular survey. Research
in Astronomy and Astrophysics 15:1095.
33. Wang L, et al. (2016) Calibration of LAMOST Stellar Surface Gravities using the Kepler As-
teroseismic Data. Astron. J. 152:6.
34. Xiang MS, et al. (2015) The LAMOST stellar parameter pipeline at Peking University - LSP3.
Mon. Not. R. Astron. Soc. 448:822–854.
35. Frasca A, et al. (2016) Activity indicators and stellar parameters of the Kepler targets. An
application of the ROTFIT pipeline to LAMOST-Kepler stellar spectra. Astron and Astrophys.
594:A39.
36. Mulders GD, Pascucci I, Apai D, Frasca A, Molenda-Z˙akowicz J (2016) A Super-solar Metal-
licity for Stars with Hot Rocky Exoplanets. Astron. J. 152:187.
37. Beaugé C, Nesvorný D (2013) Emerging Trends in a Period-Radius Distribution of Close-in
Planets. Astrophys. J. 763:12.
38. Mazeh T, Holczer T, Faigler S (2016) Dearth of short-period Neptunian exoplanets: A desert
in period-mass and period-radius planes. Astron and Astrophys. 589:A75.
39. Christiansen JL, et al. (2015) Measuring Transit Signal Recovery in the Kepler Pipeline II:
Detection Efficiency as Calculated in One Year of Data. Astrophys. J. 810:95.
40. Guo X, et al. (2017) The Metallicity Distribution and Hot Jupiter Rate of the Kepler Field:
Hectochelle High-resolution Spectroscopy for 776 Kepler Target Stars. Astrophys. J. 838:25.
41. Ida S, Lin DNC (2004) Toward a Deterministic Model of Planetary Formation. II. The Forma-
tion and Retention of Gas Giant Planets around Stars with a Range of Metallicities. Astro-
phys. J. 616:567–572.
42. Pollack JB, et al. (1996) Formation of the Giant Planets by Concurrent Accretion of Solids
and Gas. Icarus 124:62–85.
43. Dawson RI, Murray-Clay RA (2013) Giant Planets Orbiting Metal-rich Stars Show Signatures
of Planet-Planet Interactions. Astrophys. J. Lett. 767:L24.
44. Liu B, Zhang X, Lin DNC (2016) Migration and Growth of Protoplanetary Embryos. III. Mass
and Metallicity Dependence for FGKM Main-sequence Stars. Astrophys. J. 823:162.
45. Hansen BMS, Murray N (2012) Migration Then Assembly: Formation of Neptune-mass Plan-
ets inside 1 AU. Astrophys. J. 751:158.
46. Ida S, Lin DNC (2004) Toward a Deterministic Model of Planetary Formation. I. A Desert in
the Mass and Semimajor Axis Distributions of Extrasolar Planets. Astrophys. J. 604:388–413.
47. Mordasini C, Alibert Y, Benz W (2009) Extrasolar planet population synthesis. I. Method,
formation tracks, and mass-distance distribution. Astron and Astrophys. 501:1139–1160.
48. Lopez ED, Fortney JJ (2016) Re-inflated Warm Jupiters around Red Giants. Astrophys. J.
818:4.
49. Baraffe I, et al. (2005) Hot-Jupiters and hot-Neptunes: A common origin? Astron and Astro-
phys. 436:L47–L51.
50. Owen JE, Wu Y (2013) Kepler Planets: A Tale of Evaporation. Astrophys. J. 775:105.
51. Jin S, et al. (2014) Planetary Population Synthesis Coupled with Atmospheric Escape: A
Statistical View of Evaporation. Astrophys. J. 795:65.
52. Murray-Clay RA, Chiang EI, Murray N (2009) Atmospheric Escape From Hot Jupiters. Astro-
phys. J. 693:23–42.
53. Mullally F, et al. (2015) Planetary Candidates Observed by Kepler. VI. Planet Sample from
Q1–Q16 (47 Months). Astrophys. J. Suppl. 217:31.
54. Coughlin JL, et al. (2016) Planetary Candidates Observed by Kepler. VII. The First Fully Uni-
form Catalog Based on the Entire 48-month Data Set (Q1-Q17 DR24). Astrophys. J. Suppl.
224:12.
55. Christiansen JL, et al. (2016) Measuring Transit Signal Recovery in the Kepler Pipeline. III.
Completeness of the Q1-Q17 DR24 Planet Candidate Catalogue with Important Caveats for
Occurrence Rate Calculations. Astrophys. J. 828:99.
56. Twicken JD, et al. (2016) Detection of Potential Transit Signals in 17 Quarters of Kepler Data:
Results of the Final Kepler Mission Transiting Planet Search (DR25). Astron. J. 152:158.
57. Santerne A, et al. (2016) SOPHIE velocimetry of Kepler transit candidates. XVII. The physical
properties of giant exoplanets within 400 days of period. Astron and Astrophys. 587:A64.
58. Morton TD, et al. (2016) False Positive Probabilities for all Kepler Objects of Interest: 1284
Newly Validated Planets and 428 Likely False Positives. Astrophys. J. 822:86.
59. Jackson B, Stark CC, Adams ER, Chambers J, Deming D (2013) A Survey for Very Short-
period Planets in the Kepler Data. Astrophys. J. 779:165.
60. Sanchis-Ojeda R, et al. (2014) A Study of the Shortest-period Planets Found with Kepler.
Astrophys. J. 787:47.
61. Adams ER, Jackson B, Endl M (2016) Ultra-short-period Planets in K2 SuPerPiG Results for
Campaigns 0-5. Astron. J. 152:47.
6 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Dong et al.
Supporting Information (SI)
1. On the Selection of Stellar and Planet Sample
We cross-match between the AFGK Stars Catalog of LAMOST
DR4 and all target stars observed during Q1-Q16 of the Kepler
mission. As a result, there are 59,964 unique Kepler target
stars with LAMOST LASP stellar parameters. We pick stars
satisfying 4700K < Teff < 6500K and log g > 4.0 so that the
stellar sample is mostly main-sequence stars, and 30,727 stars
survive the cut (green points the A1 panel of Figure S1). We
also test other selection criteria of the stellar samples to check if
they affect our main results. In one test, we choose log g > 4.3
to more aggressively remove sub giants in the sample (green
points the A2 panel of Figure S1). In another test, we use a
sloped upper boundary in Teff-log g (green points in the A3
panel). The resulting planet distributions for [Fe/H]>= 0 and
[Fe/H]< 0 are plotted in B2) and C2), B3) and C3) panels,
respectively. The main results of the paper remain the same
and are not sensitive to the specific choice of the stellar sample.
We cross-match the LAMOST AFGK catalog with the
Kepler planet-candidate catalog. We primarily use the planet
sample from Q1-Q16 (53), which has well quantified detection
efficiencies (15, 39). The following updated catalog DR 24
(54) is flawed for occurrence rate calculations (55). The most
recent catalog DR 25 (56) is not yet finalized at the time of
our work. We have nevertheless used DR24 and DR25 catalogs
to make consistency check, and we find excellent agreements
with our results using Q1-Q16. There are 2422 Kepler Object
of Interests (KOIs) in 1996 systems with LAMOST stellar
parameters. Then we apply a series of selections. First of all,
we attempt to remove false positives (FPs). We remove KOIs
if they are identified as FPs according any of the following
references: the Q1-Q16 catalog (53), the DR 24 catalog (54),
the DR 25 catalogs (56), and the SOPHIE RV follow-up survey
of giant planets (57). For the planet sample analyzed in the
main text, we also follow (21) and remove the candidates with
large False Positive Probabilities FPP> 68% in the Kepler
Astrophysical False Positive Probabilities Table (58). We
note that eliminating candidates with too small FPP may
potentially bias planet statistics by significantly removing a
large fraction of true planets (e.g., FPP= 10% means that
90% probability being true planets). Nevertheless, we also
test removal of candidates with FPP> 1% while keeping all
other criteria unchanged. As shown in Figure S2, the resulting
distribution (right two panels) hardly differ from that of the
default planet sample (left two panels). We also remove KOIs
with transit signal-to-noise ratios (SNRs) smaller than 7.1
and radius Rp > 20R⊕. After these cuts, we are left with
1218 KOIs in 913 systems. Next, we apply the same stellar
parameter cut as the stellar sample (4700K < Teff < 6500K
and log g > 4.0), and then we have 945 KOIs in 686 systems.
Finally, we only analyze planets with periods between 1 and
10 days and radii greater than 1 R⊕. The reason for excluding
planets with periods shorter than 1 d is because the standard
Kepler pipeline is not well conditioned to detect these ultra
short period (USP) KOIs (59–61). Finally, we obtain a sample
with 295 planets in 256 systems.
As discussed in the main text, accurate LAMOST stellar
parameters are the key to carry out this study. Figure S3 shows
the distributions of the planet candidates in our sample when
KIC stellar parameters are used. Due to the large uncertainties
and systematic errors in log g and [Fe/H], it is impossible to
identify the patterns in planet distributions discovered in this
work.
The planet detection efficiency is
calculated using the Python code
(https://github.com/christopherburke/KeplerPORTs) by (15)
with stellar parameters replaced by those of the LAMOST.
R∗ and M∗ are derived following the methods described
in (21). It is worth noting that the survey efficiencies are
essentially the same in the regimes of interests for metal-rich
and metal-poor systems (Figure S4).
2. On the statistical significance of a larger single-
planet fraction of hot Jupiters than that of Hoptunes
In our sample, there are 18 hot Jupiters, and all of them are
in single transiting-planet systems. In comparison, there are
26 Hoptunes in total, and 19 of them are in single transiting-
planet systems. Below we construct a likelihood analysis based
on binomial distributions to assess whether the single-planet
fraction of Hoptunes being higher than that of hot Jupiters is
statistically significant.
We denote the number of single-transiting and multiple
Hoptunes asm1 andm2, respectively and the number of single-
transiting and multiple hot Jupiters as n1 and n2, respectively.
For the two sets of binomial measurements with (m1,m2)
in one and (n1, n2) in the other, if we fit the single fractions
separately, then the best estimate of single fractions are pm =
m1/M (where M = m1 +m2) and pn = n1/N (where N =
n1 + n2). If we fit them jointly and to find the best-fit overall
single fraction p, then likelihood based on binomial distribution
is L = Cm1M m1
pm2
qCn1N n1
pn2
q, where (q ≡ 1− p).
Setting d lnL/dp = 0, one can easily find the best-fit p =
(m1+n1)/(M +N). Then the likelihood ratio for introducing
an extra parameter, that is pn and pm instead of just p is
L2/L1 = (pm/p)m1 × (qm/q)m2 × (pn/p)n1 × (qn/q)n2
In the present case, n2 = 0 and N = n1, therefore,
ln(L2/L1) = ln(pm/p)m1×(qm/q)m2×(pn/p)N ) = lnA+lnB
where, lnA = m1 × ln((m1 × (M +N))/(M × (m1 +N))) +
m2× ln((M +N)/M) and lnB = N × ln((M +N)/(m1 +N)).
Plugging the numbers (m1 = 19, m2 = 7, M = 26, N =
n1 = 18), we obtain a logarithm likelihood ratio ln(L2/L1) =
4.1, corresponding to about 2.9σ significance.
SI Tables.
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Table S1. The planetary and stellar parameters for the sample of 295 Kepler planets in 256 systems studied in this work. The stellar parameters
(effective temperature, surface gravity, and metallicity) are derived using the LASP pipeline from LAMOST DR4. The planet radii are revised
from Kepler catalogs according to stellar radii calculated based on the LAMOST parameters.
https://arxiv.org/src/1706.07807v3/anc/hoptune_tableS1.csv
Table S2. Stellar parameters for the LAMOST-Kepler sample derived using the LASP pipeline from the publicly available LAMOST DR3 “A, F, G
and K type stars catalog” (dr3.lamost.org/catalogue). When there are multiple measurements of the same star, the median value is taken and
given in this table. Note that the DR3 parameters can have small differences with DR4 parameters used in this work, while they are consistent
within uncertainties. The error estimates are based on section 1 of the supporting information of ref. 21.
https://arxiv.org/src/1706.07807v3/anc/hoptune_tableS2.csv
Fig. S1. Stellar sample selections and tests. The green dots in Panel (A1) show the star selected in the main text, and they satisfy 4700K < Teff < 6500K and log g > 4.0.
We test the effects of alternative selections. The green dots in Panel (A2) show a more stringent criterion of log g > 4.3 to more aggressively remove sub giants. The resulting
distributions in planets (B2 and C2) are similar to those from the default sample shown in panels B1 and C1. The results (shown in B3 and C3) are similar for sloped upper
boundary in Teff and log g plane (A3).
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Fig. S2. The right panels show the resulting planet distributions for a more stringent cut for False Positive Probability FPP< 1%, and the result distributions are similar in main
features with the default selection criteria FPP< 68%.
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Fig. S3. The right panels show the planet distributions when the stellar parameters from the KIC catalog are adopted. Due to the large uncertainties and systematics in the KIC
parameters, it is impossible to identify the main patterns in the planet distributions concluded in this work using the accurate LAMOST parameters (the left panels).
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Fig. S4. The Kepler survey efficiency for the metal poor ([Fe/H]<0) and metal rich ([Fe/H]≥0) subsamples are shown as contours in blue and red, respectively, in the
period-radius diagram. The efficiencies are nearly identical for the two subsamples in the regimes of our interest. The regimes of Hoptunes, hot Saturns and hot Jupiters are
filled in purple, blue and green, respectively. The detection efficiencies in these three regions are close to 100%. We also plot the boundaries of the “desert" identified by (38)
with black dashed lines.
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